HVOF-sprayed CoNiCrAlYSi coatings were tested at 900 °C in a hot corrosion environment containing sodium-potassium sulphates. The HVOF spraying caused the typical splat-on-splat structure. The results after the hot corrosion testing showed that the corrosion preferentially occurred at the coating surface and the splat boundaries. The oxidation along the splat boundaries can isolate the splat from the underlying coating matrix. In those isolated splats or coating parts, internal oxidation and nitridation of Al took place, following that the Al-depleted coating fragments were then oxidized to spinels. For those coatings which had a worse splat boundary quality (i.e. with higher porosity and intersplat oxides) or had a worse coating surface quality (i.e. with more small coating fragments therefore more interfaces), heavier corrosion attack was observed on those coatings due to the corrosion of the splats or the coating fragments.
Introduction
Since the development of gas turbines is moving towards further increase in turbine efficiency, longer service intervals and higher reliability, various coating systems are introduced to the turbines, such as the high temperature protective coatings, like MCrAlY (M for Ni, Co, or a combination thereof), are applied in turbines to protect the hot components from hot corrosion attack. Hot corrosion usually occurs when the alloys or coatings expose to the high temperature in an environment containing molten salts, typically sulphates in gas turbine applications [1] . Hot corrosion on MCrAlY coatings has been largely investigated in sulphate-containing environments by focusing on the degradation of oxide scales [2] [3] [4] . The performance of the coatings in the hot corrosion environments is related to a number of factors like composition and microstructure of the coatings, surrounding atmosphere (gases), corrosive salts, exposure time and temperature [4] [5] [6] .
Thermal spraying techniques have been widely applied to produce MCrAlY coatings, such as by vacuum plasma spray (VPS), air plasma spray (APS), low pressure plasma spray (LPPS), and High-velocity oxy-fuel (HVOF) [7] [8] [9] . HVOF technique has caught a great attention in industry applications in the last two decades since it can make a very dense coating (porosity < 3%) with a relatively low cost (especially comparing with VPS process) [10] . HVOF process creates typical splat-on-splat structure in the coatings, and the coatings' performance, especially in a corrosive environment, can be strongly influenced by such structure. Some investigations showed that the splat boundary was usually the weakest part in corrosive environments since the corrosion generally started from the defects like pores, inclusions and cracks at the splat boundaries [11] [12] [13] . Some other researches further suggested that one may improve the corrosion resistance of the HVOF coatings by reducing the amount of those intersplat defects through adjusting the parameters in the thermal spraying process or operating some pre-testing heat treatments [11, 12, 14] . The splat structure may also affect the coating performance at the elevated temperatures in hot corrosion environments, the research on that, however, has not been well deeply carried out in HVOF-sprayed MCrAlY coatings so far.
In this study, some CoNiCrAlYSi coatings sprayed by HVOF were tested in a sodium-potassium-sulphate environment at 900 °C. The aim of this paper was to investigate how the coating quality (porosity, intersplat oxidation, and surface quality) affected the hot corrosion behaviour of the HVOF coatings.
Experimentals
Spherical powder (-53+26 µm) was used to produce three MCrAlY coatings with similar composition (B0, B1, B2) on Ni-based superalloy Inconel 792. The powder was produced in a vacuum atmonization reactor in an industrial company (the manufacturer). Compressed argon gas puffed MCrAlY melts away into powders in the reactor. The MCrAlY powders were cooled, collected and screened, and were then used to manufacture MCrAlY coatings by JP5000 HVOF gun. The spray parameters used were oxygen flow rate 900 l/min with pressure of 1.5 MPa, fuel (Kerosene) flow rate 32 l/h, carrier gas (N 2 ) flow rate 8 l/min with pressure of 0.3 MPa, spray distance about 380 mm, powder feed rate 75 g/min. The coating samples were heat-treated in the processes including solution treatment at 1120 °C for 2 hours in vacuum and ageing at 845 °C for 24 hours in air. The nominal composition of the coatings and the superalloy substrate is listed in Table I . The addition of some heavy elements (Ta, Ru and Ir) in the coatings was mainly aimed at improving the mechanical properties of the coatings, and the corresponding investigation will be carried out in future. The hot corrosion testing was carried out in a lab-made corrosion rig in which the temperature was set at 900 °C. A solution containing water and (0.8Na,0.2K) 2 SO 4 (1 mol/L) was sprayed onto the coating surfaces before the samples were moved into the furnace. The sulphate deposition was controlled to be about 960 μg/cm 2 at the coating surface. After one-time exposure at 900 °C for 48 hours, the samples were moved out of the furnace, air-cooled down to about 100 °C, and then sprayed with the solution again for another 48-hour hot corrosion process. For more details of the corrosion rig, see Ref.
[15].
The morphologies of the coating surfaces and cross sections of the coatings after the hot corrosion testing were analyzed in a scanning-electron microscope (SEM) Hitachi SU70. Phase identification was performed using X-ray diffraction (XRD) with
Cr-Kα radiation. The chemical composition of the coatings was measured by an energydispersive spectroscopy (EDS) and a wavelength-dispersive spectroscopy (WDS)
system from Oxford instruments in the SEM.
Results

Coatings before hot corrosion
Cross sections of the three coatings after the solution and ageing heat treatment are shown in Fig. 1 . There were two main metallic phases in the coatings: γ and β.
Scanning electron microscopy also revealed σ-CrCo and α-Cr in small amount. Image analyses indicated that the volume fraction of the pores plus the intersplat oxides (the dark features as pointed by the arrows) was about 0.34% (±0.24%, the measuring standard variation) in B0, 1.04% (±0.34%) in B1, and 0.59% (±0.45%) in B2, indicating that B0 had a slightly better splat interface quality than B1 and B2. The intersplat oxides were mainly Al or Y rich according to EDS measurement (see also our previous work in
Ref. [16] ). In addition, the quality of coating B2' surface was poorer than B0 and B1; more small coating fragments can be seen at coating B2's surface (Fig. 1c) . Such coating fragments provided additional interfaces or boundaries. The reason for causing the difference of the porosity (and intersplat oxide) and the amount of the surface fragments among the coatings was not clear, but probably was due to an instability of the spray process. The reason needs to be further investigated in future. cycles. The Al-oxide scales thickened much after 10 cycles, especially on B1 and B2; this was confirmed by measured thickness of the scale (Fig. 6a ) and the thickness of β-depleted zone which formed beneath the scale (Fig. 6b) . The results in Fig. 6 also agreed with the XRD measurement (Fig. 2) , i.e. that the accelerated hot corrosion occurred after 6 cycles and heavier corrosion occurred in B1 and B2 coatings than in B0.
8 Figure 3 . Morphology of the oxide layers formed on B0 in the hot corrosion. According to the SEM and EDS investigation, the Al-rich oxide scale was not pure alumina (α-Al 2 O 3 ). Furthermore, the morphology of the scale was also different from a pure alumina formed in an oxidation process. As shown in Fig. 7 , the Al-oxide scale formed in the hot corrosion environment (for 10 cycles, about 480 hours at 900 °C) had smaller grain size and was thicker than the pure alumina scale formed in a lab-air oxidation process (for 500 hours) which had a typical columnar structure. The morphology of the small-grain Al-rich oxides may have formed due to a fluxing process of alumina [17, 18] . It is also worth mentioning that multi-layers of the Al-rich oxides could be observed in some areas where the coating was locally heavily attacked, indicating that buckling and reformation of alumina scales had occurred during the cyclic hot corrosion testing. local coating surface, Al-oxide layer ("n") was spalled off. Oxygen and nitrogen from the atmosphere can easily diffuse into the coating to cause internal oxidation ("1") and nitridation ("2"). The internal oxidation and nitridation further consumed the Al in the β-depleted zone, leaving some coating fragments poor in Al ("4") near the coating surface. Close to the coating fragments, some Cr-Co-Ni spinel oxides ("3") formed which were the products of further oxidation of the coating fragments. The formation of spinels may also have started from oxidation at the coating splat interface, as shown in Fig. 9a . Due to oxidation, the splat was isolated from the underlying coating matrix which blocked outward diffusion of Al from the coating matrix. With further oxidation of Al from the isolated splat, the splat/coating fragments became Al-poor and further oxidized to form spinels, as shown in Fig. 9b . Figure 8 . Morphology of the oxide layer at the coating surface of B2 for 10 cycles. "1" is for internal Al-oxides, "2" is for Al-nitrides, "3" is for Cr-Co-Ni-rich oxides, "4" is for isolated coating fragments, and "n" marks the spallation of Al-oxide scale. The coating surface is on the right side. The identification of the oxide/nitride phases was based on EDS/WDS point scans. instance Si-or Y-rich phases, may also form. Na was also detected in the oxide layers, probably indicating the fluxing of the oxide layer in the sulphate environment [17, 18] . The three MCrAlY coatings used in the hot corrosion testing had very similar composition but with a slightly concentration difference of some heavy elements, i.e. Ta, Ru and Ir. According to the EDS maps in Fig. 12 and 13 , Ta, Ru or Ir mainly stayed in the coatings. Those elements were also slightly detected in the oxide layer, dissolved in the spinel phases. The spinel phases were mainly formed due to the oxidation of the Aldepleted coating fragments. In the oxide layer shown in Fig. 14 , an Ir-rich metallic particle was found surrounded by Cr-Co-Ni-rich oxides, indicating that Ir was the last element to be oxidized in the coating. According to our more detailed SEM and EDS work, Ta, Ru and Ir did not form other oxides or phases at the coating surfaces and were only detected in the spinel phases or in un-oxidized coating fragments, indicating that these heavy elements were inactive during the hot corrosion process. In addition, Ru and Ir preferred to dissolve in β phase in the coating matrix. As shown in Fig. 15 , the concentration of Ru or Ir in the β phase was about two to three times higher than that in the γ phase. 
Discussion
The difference of the hot corrosion behaviour among the three coatings, B0, B1
and B2, was unlikely a coating composition effect, because the elements which caused the composition difference in the coatings, Ta, Ru and Ir, appeared to be inert in such hot corrosion condition. Those elements were oxidized only within the Al-depleted coating fragments and were dissolved in spinel phase. So, the different corrosion rate of the three coatings was related to their microstructures.
In the molten sulphate environment, the degradation of alumina scale formed either at the outmost coating surface or along the splat boundaries can be described by Eq. 1 according to the "fluxing" theory [17, [19] [20] [21] . Na 2 O was a product from a reaction as shown in Eq. 2. The fluxing reaction in Eq. 1 can produce a porous, grain-refined, impure, and non-protective alumina scale [4, 22] ; the diffusion of ions from the atmosphere and the sulphate, like O and S, became faster than in a pure oxidation environment [4] .
Splat degradation further proceeded after the failure of alumina scale. Ions like oxygen (and nitrogen) easily diffused into the isolated splat (Fig. 9a) 9b ) were oxidized to form spinel oxides.
The tested HVOF MCrAlY coatings in this study showed different quality of the splat boundary (with high or low porosity and intersplat-oxide amount) and the coating surface (dense or loose surface). The quality of the coating splat boundaries performed an important role in corrosive environments in HVOF coatings [11] [12] [13] . Coating B0 had the lowest porosity and intersplat oxides thus had the best splat boundary quality, and got the least attack from the hot corrosion environment forming the thinnest aluminadominant oxide layer and having the least spinel amount. B2 got a even heavier corrosion attack than B1, probably due to that the quality of B2's surface was poorer than B1. The small coating fragments at coating B2's surface (see Fig. 1c ) provided more interfaces or boundaries which functioned similarly as intersplat boundaries easier to be attacked in the hot corrosion process. The difference of the coating quality may be related to the coating spraying process; however, which spraying parameter caused such difference was not investigated in this study.
Conclusions
Hot corrosion behaviour of CoNiCrAlYSi coatings sprayed by HVOF was studied in an environment containing sodium-potassium sulphates at 900 °C. In the molten sulphate condition, alumina scale became a non-protective mixed oxide layer.
Microstructure results indicate that the hot corrosion preferentially occurred at surface, splat boundaries, or some interfaces. The coating with higher porosity and intersplat oxides amount, or with poorer coating surface (with additional interfaces or boundaries due to the existence of small coating fragments) tended to get a heavier corrosion attack due to a corrosion of the splats or the small coating fragments. This study suggests that the as-sprayed status of coatings should be taken care of when analyzing the coatings' behaviour in following high-temperature operations e.g. in hot corrosion processes.
